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A  aoMptMilif  NUMmiiry  wam  nt*itw  ul  iiiv  luMKhi-vwlowtiy  (M<V) 

lilAiirAm  t«Mt  tlAiA  obiiinvcl  lr«ip<  ih»  ftichi  \wiiiinK  of  ihr««  ntncl* 
•n|int|  ainil*  rotor  holUioptwro  ol  v«ryinM  liootiin  oharActoriMiloi 
And  bAOto  pArAMOtorA.  Th*  purpni«  of  ihtA  AOAiyAtA  waa  to  AtooriAtn 
If  A  prAQtioAl  mothod  for  iho  (l•iAminAtl(H)  04  th«  H-V  diAgrAm  oould 
bo  ovolvod,  AA  woU  AA  A  MOAno  to  dotormino  iho  offoovo  of  Alroroft 
wolifht  And  Aftiiudt  on  tho  N-V  diAgrAn.  AnAlyoit  dlAolootd  thAt  N-V 
dlAgrAmo  oAn  bo  dovolopod  for  Any  uonvoniionAl  Ainglo  rotor  htxtcoptor 
by  tho  flight  toot  dotoroinAtlon  of  a  oinglo  oaniovio  porformAnot 
orltlool  opood  (Vgii)  point  In  oonjunotinn  »((h  too  uoo  of  a  non- 
dlnonolonol  ourvo  And  tho  oolMtion  of  opooifto  hoy  point  rAttoo  which 
Aro  Aot  forth  in  tho  report*  An  ovAluAtlon  of  tho  H>V  diAgrAm  hoy 
point  rolottonohipo  io  proAontod  toilowod  by  a  illAouioion  of  tho 
oboorvod  I'AotorA  of  (outing  AutorotAitvo  londing  following  power 
fAiluro.  A  Buggootod  Atop  by  Atop  proooduro  for  flight  monuAl  typo  K-V 
iiiAgrAmo  io  BlAo  prooontod, 
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INTRODUCTION 


The  purpose  of  this  project  was  to  determine  the  effects  of 
aircraft  weight  and  altitude  on  the  basic  Height  Velocity  (H-V) 
diagrams  of  three  helicopters,  and  to  ascertain  if  a  practical  method 
could  be  developed  for  determining  the  family  of  curves  by  analysis 
rather  than  by  extensive  flight  testing. 


Background 


A  long-range  flight  test  program  was  initiated  by  the  Aircraft 
Development  Service,  Federal  Aviation  Administration  (FAA) ,  to  determine 
the  effects  of  altitude  and  weight  on  the  helicopter  H-V  diagram 
through  actual  flight  tests.  The  program  was  established  in  response 
to  a  need  to  obtain  a  practical  approach  for  the  determination  of  the 
effects  of  altitude  and  weight  on  the  helicopter  H-V  diagram,  and  for 
safe  autorotational  landing  criteria  in  general.  In  this  study  only 
the  low  speed  portion  of  the  H-V  diagram  was  considered.  It  was  felt 
that  the  high  speed  portion  Involved  other  considerations  that  were 
not  pertinent  to  this  analysis  and  the  high  speed  portion  was 
considered  to  be  not  as  important  as  the  low  speed  portion.  Within 
the  framework  of  this  program,  the  testing  of  three  different  heli¬ 
copters  possessing  widely  varying  parameters  was  accomplished  in 
individual  but  objectively  related  projects.  The  results  of  these 
tests  were  published  in  References  1,  2,  and  3. 


The  H-V  envelope  for  each  of  the  helicopters  tested  was  found 
to  vary  as  a  function  of  gross  weight  and  density  altitude.  The 
similarity  of  the  effects  of  weight  and  altitude  on  the  H-V  diagrams 
of  the  helicopters  tested,  and  the  accumulation  of  helicopter 
autorotational  landing  characteristics  data  warranted  an  attempt  to 
correlate  all  the  facts.  The  results  of  this  effort  are  presented 
in  this  report  which: 


1.  Evaluates  and  summarizes  the  significant  findings  of  three 
helicopter  H-V  flight  test  projects  as  individually  reported  in  the 
FAA  Technical  Reports,  Nos.  AD6-1,  AD6-46,  and  AD6-84. 


2.  Presents  empirical  factors  and  a  method  for  the  determination 
of  the  H-V  diagram  of  conventional  single  rotor  helicopters. 


3.  Discusses  observations  of  the  factors  which  influence  the 
determination  of  the  critical  velocity  of  the  H-V  diagram  and 
autorotational  landing  characteristics  in  general. 


V 


DISCUSSION 


Test  Aircraft 


The  three  helicopters  tested  under  the  long-range  program  were  all 
single  engine,  single  rotor  helicopters  as  shown  In  Pig.  1.  Helicopter 
No.  1  was  a  lightweight  model  with  relatively  low  disk  loading  and 
moderate  rotor  Inertia.  On  the  other  hand,  Helicopter  No.  2  was  also 
a  lightweight  model  but  with  a  comparatively  high  disk  loading  and  a 
low  rotor  Inertia.  Helicopter  No.  3  was  a  large,  heavyweight  helicopter 
with  high  disk  loading  and  a  comparatively  high  rotor  Inertia. 

Tabulated  In  Table  I  are  some  of  the  basic  parameters  which  further 
define  the  three  helicopters  and  which  were  Involved  in  the  analytical 
study  that  was  the  basis  of  this  report.  It  was  considered  that  a 
representative  cross  section  of  helicopters  was  chosen  with  respect  to 
design  considerations  as  they  might  influence  the  test  results.  Of 
the  three  helicopters  tested,  only  Helicopter  No.  1  had  an  altitude 
rated  powerplant  system  while  Helicopters  Nos.  2  and  3  essentially  had 
sea  level  rated  systems;  consequently,  tests  at  high  airport  elevations 
with  Che  latter  two  helicopters  could  not  be  conducted  at  all  the 

'leslred  tt'St  wei;;hts  hucatise  of  the  po‘*er-on  performance  characteristle;*. 
More  retailed  spec i 1 1 oat  tons  on  the  test  hellc:opters  are  presented  in 

References  1,  2,  and  3  which  are  the  basic  references  of  this  report. 


TABLE  I 

TEST  AIRCRAFT  CHARACTERISTICS 


Unit 

Helicopter 
No.  1 

Helicopter 

No.  2 

Helicopter 
No.  3 

Max,  Cert.  Gross  Weight 

lbs 

2850 

1670 

13,000 

hp/rpm  (3  S.L.  continuous 

hp/rpm 

220/3200 

160/2700 

1275/2500 

Disk  Loading  W/A 

Ib/ft^ 

2.63 

3.32 

5.28 

Rotor  Solidity  Ratio, G 

.0314 

.0424 

.059 

Rotor  Inertia,  I^^ 

Slug  ft2 

710 

140 

5800 

No.  of  Rotor  Blades 

2 

3 

4 

Landing  Gear  Conflg. 

Skid 

Skid 

Wheel 

Rotor  Conflg. 

Teetering 

Articulated 

Articulated 

Equiv.  Flat  Plate  Area 

ft2 

18 

14.5 

36.5 

Rotor  Disk  Area,  A 

ft2 

1083 

503 

2460 

Rotor  Tip  Speed,  RA 

f t/sec 

690 

640 

700 

*  Front  al 
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HELICOPTER  NO.  1 


HELICOPTER  NO.  3 
FIG.  I  TEST  AIRCRAFT 


T*i t,  lnntrum»ni*Uon 


Airi)orri<»  «nd  urovind  ittut  ai inn  wan  kiiiliiNd  in  rwvnril 

helloopiwr  pwrf orm«ncw,  NirorNfi  ipwow  pniiiinn  wnd  m»l«nrnlnti«Nl 
information.  In  ffcnoral,  iho  aamn  paramoivra  war*  mNiaurwii  with 
Idantlcal  or  aimilar  Inairumwntauon  (or  all  ihraw  flifht  Iwat 
prujoctN. 

Teat  Procaduraa 


1 ,  Baaic  Teat  Mtthodoloay 

liarly  in  tha  planning  aiagaa,  cartain  UnnIq  ground  rulaa  wara 
oatabliahad  aa  mandatory  and  applleabla  throughout  all  Ihw  t^rojaoi 
taata,  Kaaantlally,  thaaa  guidaltnaa  wara  aa  followN' 

a,  Maalmum  Pwrformanca 


I'ha  ll'V  Ulagrama  davelopad  had  to  ba  rapraaantailva  of 
a  maxlmvim  parfurmanca  effort;  that  la.  ti  waa  naoaaaary  to  aatraot  tha 
maximum  uapahiiitlaa  from  the  halitopiar  during  each  and  evary  taat 
point  throughout  the  ant  Ira  program  Thia  waa  naoeaaary  atnea  thara 
were  no  known  paramatara  aval  labia  by  which  a  lixad  dwgraa  of  eonaarv* 
atlam  in  obtaining  thaaw  tael  pointa  could  be  datarmlnad  or  maaaurad. 
Extraction  of  tha  maximum  parfurmanca  tapahillty  of  tha  aircraft  la 
dopandant  upon  tha  aklll  of  the  pilot,  I'ur  thla  raaaon,  profaaaional 
arglnaerlng  taat  pilota,  thoroughly  familiar  with  tha  halicoptur  each 
flew,  and  woli  wHDled  in  tha  mat-hanlca  of  datarming  ll'V  dlagrama, 
wore  employed  for  the  piliitiiiK  lunction. 

b.  TtfHi  Weitthta  and  blavationa 

Thu  wuighta  ami  utwat  Iona  avlecie<|  fur  each  of  the 
helicoptora  taatod  were  clioaun  with  aufflciunl  apreaU  lu  dearly 
indlcatu  the  uffucts  of  thaau  variaUlvK  on  the  ll-V  tliagram,  Thw  it-al 
sites  aeltfctud  providuti  a  broad  range  of  Uena  it  y  altltuilea  and  the 
incrumental  weight  ''hangos  averaged  appruximaivly  H  of  maximum 
'.ertl  f  I'jatcd  gross  weight.  Table  II  llat.H  ihu  lost  aiie  uluvut  tuiiM 
and  huli'optiir  weights  ut>ud  in  the  program. 


TAILR  11 


TIIT  WIIOHTI  AND  M,».V\i|u,sn 


tiuvau<m 

<fl) 

Mil 

Aircraft  Taai  Weight  (Iba) 

NalUoplor  No,  1 

HJSjOSJflVSKIIH 

■IKVRim^SiTlTT^ 

-11? 

X  X  x 

XXX 

X  X 

All! 

XXX 

X  X 

XXX 

bH) 

X  X 

?ito 

XXX 

X 

fllO 

X  X 

.V  liulitAUN  l«  n  lor  IUkI'I  iviiiK. 


Notti  Dtutlty  AUttu4M  at  Itm*  of  toatt  w«r»  ••norolly  hUhtr  tKon 
flio44  tltvotlono. 

«•  fUitit  inttjf  ,c^Mti,Uaai 

All  of  tho  aioulaiod  powtr  (ollurt  londlnf  iMinouvtro  hi«4  to 
bf  oKtcutod  fro*  ■  trio,  oltody  atoto,  Itvol  fllaht  antry  condltioo  lit 
erdtr  to  obtain  rapaatablllty  and  aceurocy.  Tba  uaa  of  an  acctloravtd 
ellabout  ttchnlqu*  along  iht  lovar  botmdary  waa  daaiaad  to  Include  too 
many  varlablta  to  provldt  th*  accuracy  ragulrad  for  tha  baalc 
dftarnlnatlon.  Adalttodly,  tha  aecalarotad  cllaibout  ttchnlqua  t»uld 
hava  pcovldod  a  aiora  raallatlc  approachtbut  In  addition  to  tba 
raqulraaanta  for  rapaatablllty,  aafaty  aa  tiall  aa  tha  aconovlca  oi 
tha  progran  alao  had  to  bo  eonaldarad.  It  waa,  tharafora,  dacldtd  that 
tha  laval  flight  tachnlqua  woa  tha  boat  cowproailat. 

For  taat  polnta  along  tha  upper  boundary,  coll  active  pitch 
reduction  tMa  applied  with  a  one«aecond  delay  altar  alnulated  power 
failure  aa  well  aa  with  no-delay.  For  all  teat  polnta  Initiated  along 
tha  lower  boundary,  collective  pitch  reduction,  dian  applied,  waa 
tanadlate. 


d.  T9W>l«iglfll  ,§Mldf 

Thera  were  no  1  lei  tat  lone  placed  upon  the  pi  loti'^iiaiaeanilf^ct 
to  touchdown  apaeda.  They  were  allowed  to  contact  tha  runway  at  iihatavcr 
forward  valocity  waa  required  In  order  to  fulfill  tha  requtraaianta  of 
extracting  tha  maxipuM  capability  of  the  aircraft  for  every  landing. 
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An  «n«ly»U  of  liw  tost  dAi«  of  ilio  iotii  proiir«m  w«i  undoriokoi) 
to  doiorntno  If  tuffluiont  ddttt  oNitiod  to  pornlt  th«  formuUllun  of 
An  •mplrioni  nnd/or  ihoorolloal  mothnd  of  prodlutlnn  th«  atno  and 
ahapo  of  th*  H-V  dlARrant  for  oonvanilnnal  alngla  rotor  hollouptara. 

Holalu-Volootty  Ulaaraoa 

1.  otnicai 

rua  halfht-volonity  diacrama  dovoiupod  for  aaoh  hallooplor 
aNhlltlitd  rooarkabltt  alnliarltyln  ahapo  to  oaoh  othor.  Kaoh  hoUoopior 
toatod  produood  a  fantly  of  H-V  dlafraoB  which  rof)o«'to<l  the  of  facta 
of  walRht  and  altltuda,  and  aaoh  of  thaaa  fairtiloa  waa  alnilar  to  tha 
famlUaa  of  the  other  hallooptara  not  only  In  ahapt  but  in  tho 
ralattonahip  of  all  tha  hay  polnta. 

Thia  aimllarlty  aaiatad  for  tha  oondttluna  of  both  no*dtlay 
and  ona-aaooiid  delay  In  pitch  raduotlon  following  almulatad  power 
failure,  A  typlual  aaampla  of  H-V  dlagrama  developed  In  thia  program 
la  ahown  In  Flpure  a,  on  which  tha  baalo  hay  polnta  are  daalsnatacJ. 

Tha  fact  that  a  family  of  curvaa  exiatad  that  were  ao  almllar  gave  riaa 
to  tha  oonoapt  of  a  nondleanalonal  curve  that  could  be  utlliaed  to 
facilitate  computation  of  H-V  diagrama. 

2,  Uanarallaad  Height 

Each  of  the  hullcoptvrw  tuatod  produced  a  family  of  dlaframa 
which  were  related  ae  functiona  of  woight  and  altitude;  therefore,  the 
family  of  diagrama  for  each  helicopter  could  bo  prvaeiitcd  In  the  form 
of  unv  noiivllmona tonal  H-V  curve,  fhia  procedure  waa  lira!  auggested  in 
Rofvrunce  4,  and  waa  mure  racaiitly  accompliahed  in  Hofurence  5,  utilizing 
the  data  devulupud  in  one  of  the  teaia  of  thia  program.  The  H-V  ramillea 
of  all  three  hclioopiera  have  beun  further  coinbined  in  thia  wununary 
analyaia  to  form  one  cumpoaitw  nundfmonalonal  H-V  curv(<,  flic  compoaite 
nondlmenaluiia I  M-V  curvu  wua  generated  by  computing  the  Key  point  ratloa 
^n/Ver,  h|  ,an(i  hg  aa  nhown  on  Figure  J.  All  of  the  H-V  .liagrama  devolnpcd 
in  thia  program  were  nundlmenaionai ixed  in  accordance  with  the  procedure 
ahown  on  Figure  J  and  the  reakiltlng  nondiinunsk ono  1  polnta  wire  plotted 
on  Figure  4. 


A  mean  nundimenatunal  H-V  curve  van  Ihen  tonatrucled  through 
the  compoaite  data,  A  table  haa  been  piepured  which  preaenia  the 
cuordlnatea  of  thia  moan  H-V  curvu.  It  ia  thus  puHNible  to  construct 
an  H-V  diagram  for  any  weight  (minimum  operating  to  maximuir  gross)  and 
altitude  (8,000  ft  maximum)  when  one  of  the  key  points,  h,„tn  or  \'cr>  is 
known  by  reversing  the  above  procedure.  Utilizing  the  naan  val  les  of 
the  chart  on  Figure  4,  the  ratios  can  lie  solved  for  values  of  tin  and  V^, 


(> 


CONDITION  -  VARIOUS  GROSS  WEIGHTS 
rOR  A  CONSTANT  DENSITY  ALTITUDE 


III  i.i  I  ■lii  ■■  >  ..iJ 


10  20  30  40  50 

CALIBRATED  AIRSPEED  -  MPH 


FIG.  2  TYPICAL  H-V  DIAGRAMS 


8 


Essentially,  and  arc  the  only  unknowns.  As  will  be 

shown  later  In  this  report,  h^r  *nd  h,„j|j(  have  been  established  by  this 
program  and  hmm  !■  empirically  related  to  V^^r*  necessary  tu 

tost  lor  only  one  of  tho  two  values  (l.e. ,  hmin  or  Vcr^  to  develop  the 
K-V  diagram.  Since  testa  for  h^in  have  been  shown  to  be  less  accurate 
and  more  difficult  to  conduct  than  tests  for  it  would  be  more 

logical  to  teat  fur  V^r* 

J,  Evaluation  of  Key  Point  Relationships 
a.  The  Critical  Speed  Vereus  Weight 

Each  helicopter  tested  showed  a  linear  relationship  of 
Vgj.  versus  weight  over  the  range  of  weights  and  altitudes  at  which  each 
were  tested.  Since  only  the  helicopter  utilized  in  Reference  1  was 
equipped  with  an  altitude  engine,  it  was  the  only  helicopter  which 
could  be  tested  over  a  full  weight  range  at  the  highest  altitudes 
tested.  There  was  no  evidence  of  drag  divergence  or  detrimental  blade 
stall  which  would  cause  a  serious  alteration  of  the  linear  relation  for 
an  altitude  range  of  at  least  sea  level  to  8000  feet.  This  was  true 
for  the  one-socond  delay  as  well  as  the  no-delay  test  results.  In 
each  of  the  three  reports,  an  expression  as  shown  below  was  presented 
from  which  for  a  new  weight  could  be  determined  from  a  V(.r  obtained 
at  some  test  weight. 

Ver  '  ^  f'l  Aw  where  Cj  =  ^ 

d  W 

Analysis  of  the  three  sets  of  test  data  revealed  that  if 
the  experimentally  determined  values  of  C|  were  multiplied  by  rotor 
area,  the  products  were  essentially  constant;  l.e., 

CjA  =  22.6 

The  use  of  this  empirically  established  relationship  in 
the  previous  equation  involving  V^,.,  results  in  an  expression  for  the 
change  In  due  to  a  weight  change  In  terms  of  a  delta  disk 
loading;  l.e., 

Ver  =  Ver  22.6  Aw 

®Ue8t  -7- 

A 

SO  that  a  new  can  he  readily  obtained  by  applying  an  average  value 
of  C|A  (22.6)  to  the  delta  disk  loading. 

Figure  6  was  developed  using  the  average  test  value  of 
C^A  s  22.6,  From  this  chart  can  be  determined  directly  as  a  function 
of  rotor  disk  area.  Because  of  the  representative,  but  widely  varying 
basic  parameters  of  the  three  hellooptera  tested, It  is  concluded  that  all 
conventional  single-rotor  helicopters  will  fit  the  experimentally 
determined  value  of  22.6  for  C^A, 
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The  Critical  Speed  Vereue  Altitude 


The  basic  purpose  of  this  portion  of  the  composite 
analysis  was  to  establish  the  effects  of  altitude  on  the  critical 
speed.  The  three  project  tests  had  proven  rather  con'luslvely  that 
the  variation  of  Vgr  with  altitude  was  linear  and  ws'  valid  over  a 
normal  altitude  range  of  at  least  sea  level  to  8000  feet.  The  hell** 
copters  which  were  limited  in  power  available  could  only  be  tested  at 
lighter  weights  at  the  higher  altitudes,  but  there  was  no  evidence  to 
suspect  that  for  the  normal  altitude  range  there  would  be  any  deteri¬ 
oration  from  the  linear  characteristics.  As  in  the  case  of  Vf.r  versus 
weight,  the  linear  relationship  of  versus  altitude  was  maintained 
for  both  the  no-delay  and  one-second  delay  test  results.  An  increase 
in  Vcr  experienced  for  a  one-second  delay  and  the  increase  was 
constant  with  altitude  changes  such  that  the  linearity  of  versus 
altitude  was  not  affected.  No  empirical  solution  was  found  for  deter¬ 
mining  the  change  in  V^j.  due  to  a  change  in  altitude  on  a  unified 
basis  involving  all  three  helicopters  as  was  done  in  the  case  of 
versus  weight.  In  each  of  the  three  reports  an  expression  as  shown 
below  was  presented  from  which  Vcr  for  a  new  altitude  could  be 
determined  from  a  Vcr  obtained  at  some  other  test  altitude. 

Vcr  =*  '^crt^t  *  ^2  ^  **D  •****'®  ^2  *  *^^cr 

d  Hq 

The  values  of  C2  obtained  for  each  helicopter  could  not 
be  correlated  or  combined  with  known  parameters  to  arrive  at  a  solution 
which  was  applicable  to  the  three  helicopters  for  the  determination  of 
V^r  *  different  altitude,  as  was  done  in  the  case  of  V^j.  versus 
weight.  On  a  practical  basis,  however,  the  variation  of  Cg  values 
determined  for  the  three  test  aircraft  are  not  so  great  as  to  preclude 
a  working  solution  from  the  data  obtained.  The  C2  values  of  the 
helicopters  tested  varies  between  1.6  and  2.5  mph  per  thousand  feet, 
with  Helicopters  Nos.  2  and  3  being  2.5  and  2.3  mph  per  thousand  feet 
respectively.  It  should  be  pointed  out  that  the  helicopters  tested 
encompassed  an  extreme  range  of  the  major  parameters  and  therefore  can 
be  considered  to  encompass  helicopters  whose  parameters  fall  within 
this  range.  It  is  not  likely,  therefore,  that  the  vaiue  of  C2  IdV^^/dH) 
for  conventional  single  rotor  helicopters  will  exceed  the  maximum  value 
obtained  in  this  program.  Until  such  time  as  additional  information  is 
obtained  to  establish  an  empirical  or  theoretical  relationship  for  C2, 
the  use  of  the  maximum  value  of  2.5  mph  per  thousand  and  feet  of 
altitude  is  a  practical  solution. 

c.  The  Critical  Height 

The  critical  height,  h^,.,  was  found  to  be  reasonably 
constant  over  the  altitude  and  weight  range  for  all  three  helicopters 
and  averaged  approximately  100  feet.  The  critical  height  for  Helicopter 
No.  1  (Reference  1)  varied  between  90  and  100  feet  and  was  assumed  to  be 
constant  at  95  feet.  As  a  result  of  the  tests  of  Reference  1.  Helicopter 


No.  2  was  tested  more  critically  In  this  area  to  determine  If  a  variation 
t::isted  In  h^,..  This  helicopter  showed  a  variation  In  h^,.  from  80  to  100 
feet  over  the  range  of  weights  and  altitudes  tested.  The  diagrams  of 
Helicopter  No.  2  had  originally  been  prepared  with  a  pronounced  "chin" 
or  distention  of  the  lower  boundary.  As  a  result  of  this  analysis;  l.e., 
analysing  the  curves  of  all  three  helicopters  collectively,  it  was 
determined  that  they  could  have  been  faired  otherwise,  which  would  result 
in  not  only  reducing  the  chin  but  also  in  raising  the  critical  height  as 
wall.  Helicopter  No.  3  showed  a  range  of  critical  heights  between  90 
and  110  feet.  Further  analysis  of  all  of  the  data  Indicated  that  at 
maxifflin  gross  weight  at  sea  level,  h^f  can  be  defined  as  approximately 
100  feet.  For  lighter  weights  at  sea  level,  h^^  would  be  somewhat 
lower  and  for  higher  altitudes  at  staximum  gross  weight,  hg^  would  be 
somewhat  higher.  Thus,  with  a  weight  reduction  at  altitude,  h^^  would 
remain  approximately  constant  at  100  feet.  This  finding  was  Important 
to  the  determination  of  an  H-V  diagram  because  It  permits  the  height 
at  which  occurs  to  be  established. 

d.  Critical  Speed  Squared  Versus  High  Hover  Height 

In  each  of  the  three  previous  reports  a  linear  relation 
was  found  to  exist  between  the  high  hover  height,  and  the  square 

of  the  critical  speed,  es  shown  in  Fig.  6.  Since  this  appeared 

to  be  significant  with  respect  to  the  H-V  diagram,  an  analysis  of  this 
particular  relationship  was  made  for  the  three  helicopters. 

As  there  was  a  slight  discrepancy  between  the  hnj,n  versus 
V^cr  curves  of  the  three  helicopters,  as  shown  In  Fig.  6,  the  basic  test 
data  of  all  three  were  examined  collectively.  This  examination  led  to  the 
conclusion  that  one  coomon  curve  could  be  drawn  for  all  three  helicopters. 
This  was  of  particular  significance  since  It  appeared  that  the  relation¬ 
ship  of  hgjj^n  and  was  the  same  for  all  helicopters  independent  of  the 

helicopter  parameters,  and  determination  of  one  of  these  key  points  could 
be  made  If  the  other  were  known. 

From  this  straight  line  comon  curve  shown  In  Fig.  6,  an 
empirical  equation  was  established  as  follows:  h„iQ  ■  200  +  .1336 

Conventional  single  rotor  helicopters  subscribe  to  this 
expression.  This  relationship,  which  associates  the  high  hover  point 
with  the  critical  speed,  mac’'  It  possible  to  define  the  limits  of  the 
upper  boundary  of  the  H-V  diagram  by  simply  obtaining  one  of  these  points. 

e.  Low  Hover  Height  Versus  Weight  snd  Altitude 

The  landing  following  power  failure  from  the  low  hover 
height,  ho^x*  regime  of  flight  on  the  H-V  diagram  which  lends 

itself  to  an  energy  analysis  and  this  has  been  effectively  treated  in 
Heference  5.  A  study  was  made  of  the  low  hover  height  and  the  lower 
boundary  to  obtain  a  simplified  empirical  solution.  It  was  determined 
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FIG.  6  HIGH  HOVER  HEIGHT  VERSUS 

SQUARE  OF  CRITICAL  VELOCITY  (V' 


that  til*  variation  of  for  any  of  th*  hellcoptora  waa  aaall.  Of 

th*  thr**  h*licopt*rB  t*st*d,  the  largeat  variation  encounterod  ov*r 
tb*  weiglit  and  altitud*  rang*  vaa  a  variation  in  froai  approxl* 

laatoly  5  to  20  f**t.  Th*  10- foot  holght,  g*n*rally  acc*pt*d  in  ll*u 
of  conducting  t*ata,  appear*  to  b*  a  real lot ic  valu*  for  at 

**a  l*v*l  and  naxinun  groaa  might.  In  th*  int*r*Bt  of  consorvatiaa, 
alaplicity,  and  for  purpoaoa  of  aaintalnlng  th*  faaily  r*lationahlp 
of  H-V  diagraaa,  it  ia  r*coani*r.d*d  that  a  reduction  of  1  foot  of  height 
in  h||im(  per  1000  feet  Increaa*  in  denaity  altitude  be  appropriately 
applied  to  the  baalc  10-foot  aea  level  value.  Siailarly,  for  a  might 
reduction  froa  aaxiaua  groaa  might  to  ainiaua  operating  might, 
hpm^  ahould  be  increaaed  5  feet  above  the  baalc  10-foot  aea  level  valu*. 
The  value  of  h,^  thua  derived  provide*  th*  lover  Halt  of  the  lower 
boundary  portion  of  the  H-V  curve. 

gactora  Affecting  the  Autorotative  Landing  Folloving  Pomr  Failure 
1.  Rotor  Inertia  and  Rotor  Speed 

Two  of  th*  helicopter*  teated  had  a  noraal  operating  rotor 
apeed  which  produced  tip  apeed*  of  approxiaately  700  ft/aec.  Th* 
lightmlght  helicopter  rotor  apeed  vaa  on  the  low  aid*  with  a  tlpapeed 
of  640  ft/aec.  All  three  h*lic<^tera  eaployed  aetal  blade*  of  th* 

NACA  00  eerie*  and  thua  operated  on  approxlaately  the  aaa*  profile  drag 
coefficient  veraua  aean  lift  coefficient  curve  (  6  veraua  ).  The 
profile  drag,  therefore,  vaa  eaaentlally  the  aaae  ainc*  all  three 
helicopter*  operated  at  approxlaately  the  aaa*  aean  lift  coefficient. 

An  inveatigation  vaa  aade  Into  the  relative  rotor  apeed 
decay  to  deteralne  th*  effect  of  rotor  inertia  on  rotor  apeed  decay 
folloving  throttle  chop  along  the  upper  boundary.  In  order  to  coapar* 
th*  decay  trend*  of  th*  thrm  bellcoptera,  a  plot  of  rotor  apeed  In 
percent  of  rated  rpa  veraua  tin*  vaa  conatructed  aa  ahovn  on  Figure  7. 

It  la  Intereating  to  not*  that  th*  helicopter  with  the  largeat  inertia  per 
pound  of  aircraft  might  (Helicopter  No.  3)  exhibit*  th*  largeat  percent 
decay  with  tin*.  The  data  chow  that  th*  decay  rat*  relationahlp  betmen 
th*  helicoptera  reaaina  eaaentlally  th*  aaa*  whether  a  one-aecond  delay 
or  no-delay  vaa  eaployed  folloving  throttle  chop  prior  to  collective 
pitch  reduction,  although  th*  percent  decay  1*  largeat  after  a  one-aecond 
delay.  It  ahould  be  noted  alao  that  folloving  a  one-aecond  delay,  th* 
helicopter  with  th*  leaat  inertia  per  pound  of  aircraft  weight  doe*  not 
have  tb*  hlgbeat  (aea  level,  aaxiaua  groaa  weight)  and  converaely, 
th*  helicopter  with  th*  aoat  inertia  per  pound  doe*  not  have  th*  lomat 
Thua  it  vaa  not  poaaible  to  eatabllah  any  pattern  of  th*  effect  of 
rotor  inertia  on  V^j.,  and  other  factor*  are  obvioualy  preaent  in  th* 
developaent  of  Vqi.. 

Only  a  Halted  aaount  of  teatlng  wa*  conducted  In  Reference  1 
to  deterain*  the  effect*  of  added  rotor  inertia  on  the  location  of 
or  the  upper  boundary  of  th*  H-V  dlagraa.  Froa  thla  Halted  data  the 
effect*  of  inertia  appeared  ainlaal.  Llkeelae,  the  teat  helicopter* 
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FIG.  7  AVERAGE  ROTOR  SPEED  DECAY  TRENDS 
FROM  HIGH  HOVER  ENTRY  POINTS 


havtnil  varyittfi  (nvrtiii  v«lu«t  p«r  puuMti  uf  dircrAft  wmimIiV  rrtm  ,i  in 
dlapUywU  •  (uinpimmit  paiiarn  in  iii»  -  V^gc  rtfUtiuii  and  along 

lha  uppar  Uoundary,  froM  high  hover  lu  Vgr,  therefore,  it  la  evident 
that  there  are  (aotiira  other  than  rotor  inertia  ehtah  doturwine  the 
valued  of  and  Vg,., 

4.  Blade  dtall  «.'onatderattona 

During  the  teate  eonduuted  on  Helloopter  No.  1,  no  oieataent 
wee  made  by  the  pilot  with  reapeut  to  blade  atali.  There  appeared  to 
be  no  evtdenoe  of  blade  atall  at  any  weight  or  altitude.  The  pilot 
never  Indloated  that  blade  atall  waa  a  oonaideratton.  Blade  atall  did 
net  becoeie  a  vonaideratton  until  the  laat  teat  project.  At  the  higher 
welghta  and  generally  throughout  th'  altitude  range  during  the  teata  of 
Heference  the  pilot  found  it  iieoeaaary  to  adjuat  hla  technique  to 
oompenaate  for  the  effeota  uf  blade  atall  during  flare  and  final 
Qolleetive  pull-up.  There  were  ocoaalona  during  the  eeoond  helloopter 
tent  program  when  the  pilot  reported  "falling  through"  the  flare. 
Although  he  did  not  report  It  aa  blade  atall.  it  la  oonoelvahle  that 
blade  atall  waa  a  factor  In  "falling  through*'  the  flare.  It  appeara 
that  blade  atall  aa  a  factor  In  the  autorotative  landing  following  power 
failure  la  a  function  of  diak  loading.  Helloopter  No.  l,  which  had  a 
relatively  light  diak  loading,  did  not  require  high  collective  blade 
anglea  to  effect  Ita  landinga  and  thia,  undoubtedly,  contributed  to  the 
lack  of  blade  atall.  On  the  other  hand,  Helloopter  No,  3  with  Ita 
eatramely  high  diak  loading  needed  all  the  blade  angle  poaaible  which  in 
turn  contributed  to  blade  atall  aa  a  factor.  It  la  alao  poaaible  that 
rotor  inertia  la  an  influencing  factor  in  that  the  higher  inertia  rotor 
regalna  Ita  rpm  leaa  rapidly  in  the  flare,  whereaa,  low  inertia  rotor 
ragaina  ita  rpm  more  rapidly.  Reference  to  Tigure  7  ahowa  that  loaa  of 
rotor  apeed  following  throttle  chop  la  a  function  of  diak  loading  and 
not  rotor  Inertia, 

a.  The  Maneuver  -  Cyclic  and  Collective  FUre 


Analyala  of  the  time  hiatoriea  of  all  three  heliooptera  ahowed 
that  the  cyclic  and  collective  controla  were  utillaed  In  almllar  faahlon 
and  produced  tracea  of  pitch  attitude,  acceleration,  awaahplate  angle, 
and  blade  angle  which  were  repetltioua  In  pattern.  Thia  can  be  aeon  in 
Flgurea  8  through  10,  which  ahow  aample  time  hiatoriea  of  the  three 
aircraft  for  the  three  baalc  H-V  diagram  arena  -  high  hover,  low  hover, 
and  Vq|,.  The  deceleration  following  power  failure  along  the  upper 
boundary  from  hmm  to  V^j.,  for  example,  conalatontly  ahowed  approximately 
.7&g  from  Ig  ateady  level  flight.  There  waa  clear  evidence  in  the  time 
hiatoriea  that  when  power  failure  occurred  along  the  upper  boundary,  the 
cyclic  flare  waa  the  moat  Important  control  factor  in  executing  a  power- 
off  landing.  While  the  collective  pitch  waa  vital  to  reducing  the  load 
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factor  on  contact,  it  waa  the  cyclic  flare  that  generated  the  rotor 
speed  and  rate  of  descent  reduction  which  made  a  good  collective 
flare  possible.  Without  this  technique,  significantly  greater  air¬ 
speed  was  required  prior  to  contact  for  a  good  collective  flare. 

The  landing  techniques  employed  for  the  three  helicopters 
were  reasonably  consistent,  even  though  Helicopters  Nos.  1  and  2  had 
skid  gears  and  Helicopter  No.  3  had  a  tall  wheel/malnwheel  configu¬ 
ration.  In  the  case  of  Helicopter  No.  3,  the  technique  was  basically 
the  same  as  that  employed  for  the  skid  gear  helicopters  even  though  the 
technique  did  not  call  for  leveling  the  helicopter  before  contact.  In 
landing  Helicopter  No.  3  it  was  necessary  to  apply  only  partial 
collective  pitch  to  cushion  the  tsilwheel  while  "feeling  for  the  ground." 
The  remaining  collective  application  was  applied  to  cushion  the  main 
gear  touchdown  which  determined  the  acceptable  load  factors.  The 
helicopter  was  landed,  therefore,  with  a  technique  midway  between  an 
air  rotation  for  level  landing  (as  were  the  skid  gesr  aircraft)  and  a 
pure  flare  landing  (as  would  be  done  for  a  main  wheel  aft  configuration). 

keferring  again  to  Figures  8  through  10,  it  can  be  seen  that 
all  the  essential  elements  of  control  and  aircraft  motion  are  similar 
for  the  three  aircraft.  During  the  tests  and  subsequent  data  analysis 
of  Helicopter  No.  2,  it  was  believed  thst  distention  of  the  lower 
boundary  occurred  because  of  the  low  rotor  inertia.  There  was  insuffi¬ 
cient  time  from  throttle  chop  to  touchdown  to  regain  rotorspeed  through 
a  cyclic  flare,  and  therefore,  the  landings  had  to  be  made  essentially 
by  means  of  a  collective  flare.  Subsequent  testing  on  Helicopter 
No.  3,  however,  showed  that  the  same  condition  existed  on  the  high 
Inertia  rotor.  Points  developed  along  the  lower  boundary  with  Heli¬ 
copter  No.  3  were  also  accomplished  with  minimum  cyclic  flsre  and  maxi¬ 
mum  collective  flare.  The  time  from  throttle  chop  to  touchdown  was 
Insufficient  for  the  high  inertia  rotor  to  build  back  any  rotor  speed,  so 
thst  essentislly,  the  techniques  employed  were  consistent  for  all 
helicopters.  It  is  the  time  element  between  throttle  chop  and  touchdown, 
established  by  the  entry  altitude  and  speed,  which  dictates  the  type  of 
maneuver  necessary  along  the  lower  boundary.  Rotor  inertia  appeared  to 
have  a  very  small  influence  on  this  regime  of  flight. 

Method  for  Converting  Test  Program  H-V  Dlsgrsms  to  Flight  Manual  Type 
H-V  Diagrams 

The  results  of  the  tests  conducted  in  this  program  established 
thst  along  the  upper  boundary  the  use  of  s  one-second  delay  simply 
added  an  increment  of  speed  such  that  the  upper  boundary  was  displaced 
laterally.  The  one-second  delay  diagrams  complied  with  the  patterns 
established  in  the  Height  Velocity  Diagram  section  of  this  report  and 
were,  therefore,  subject  to  the  nondiaens ions Used  form.  Since  the  upper 
boundary  of  the  flight  manual  type  H-V  Diagram  is  determined  utilising 


a  one-second  delay,  it  is  apparent  that  the  curves  should  be  Identical 
except  for  a  margin  of  conservatism  to  differentiate  between  the 
maximum  performance  data  obtained  by  professional  pilots  In  this  program 
and  the  capabilities  of  the  average  pilot.  If  an  appropriate  margin  Is 
thus  applied  to  V^,,,  a  flight  manual  type  H-V  diagram  upper  boundary 
can  be  developed  by  a  single  point  determination  of  a  maximum  performance 
Vcr  At  an  h^j.  of  100  feet.  Furthermore,  since  we  have  nondlmension- 
allzed  the  H-V  diagram,  the  lower  boundary  when  developed  from  the  same 
Vgj.  will  provide  a  lower  boundary  that  will  be  equivalent  to  the 
accelerated  cllmbout  technique  generally  utilized  in  establishing  the 
lower  boundary.  In  this  regime  a  one-second  delay  is  not  employed; 
therefore,  the  two  increments  In  from  no-delay  to  one-second  delay, 
and  from  ooe-secoad  to  the  percent  margin  increase,  provides  the  necessary 
margin  for  the  accelerated  cl inbout  lower  boundary. 

Procedures  for  Obtaining  Flight  Manual  Type  H-V  Diagrams  for  Range  of 
Weights  and  Altitudes 

A  procedure  for  developing  a  flight  manual  type  H-V  diagram 
established  in  accordance  with  the  data  and  determinations  contained 
in  this  report  would  make  It  possible  to  obtain  a  set  of  K-V  diagrams 
over  a  range  of  weights  and  altitudes  from  a  single  test  to  determine 
Vq|..  The  following  procedure,  therefore, is  considered  reasonable  for 
establishing  such  a  flight  manual  type  H-V  diagram. 

1.  At  a  given  gross  weight  (near  maximum),  and  at  a  given  density 
altitude(near  sea  level),  and  with  a  neutral  c.g.,  determine  a  maximum 
performance  Vcr  with  a  one-second  delay  at  an  h^,.  of  100  feet. 

2.  Using  Figure  5,  determine  and  use  the  equation 

C^/^W  to  establish  V^r  f«»r  maximum  gross  weight. 

Likewise,  using  the  value  of  C2  of  2.5  mph  per  inoo  feet,  correct  V^r 
for  sea  lev./!  using  the  equation  =  ''cr,  ,,  C2^**U*  ^  '^cr 

maximum  gross  weight  at  sea  level  hau  now  been  esiabllshei. 

3.  Add  to  the  V^j.  established  In  Item  2,  above,  an  Increment  of 
speed  (In  mph)  to  provide  an  adequate  safety  margin  for  the  average 
pilot. 


2 

4.  Using  the  equation  h„,^n  >  200  *■  .1336  v  determine  hmin* 
Select  an  h^^^^  of  10  feel  an  h^,.  of  lOO  feet. 

5.  With  hcrt  ^mln>  Aod  h^^^,  now  known,  establish  the  H-V 

diagram  using  the  nondlmenaional  data  from  the  mean  curve  chart  of 
Figure  4  and  the  equations  for  h] ,  h2.  and  Vn/V(.|.  shown  on  Figure  3. 
A  flight  manual  type  H-V  diagram  lor  maximum  gross  weight  at  sea 
level  has  now  been  established. 
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6.  Using  Cj  and  C2  establish  for  all  desired  weights  and 
altitudes. 

7.  Determine  hnin  as  in  Step  4.  for  each 

8.  Determine  h^gj;  by  subtracting  1  foot  per  1000  feet  of  density 
altitude  from  the  basic  10  feet  for  sea  level  maximum  weight  and 
adding  S  feet  over  the  weight  range  from  maximum  weight  to  minimum 
operating  weight. 

9.  Determine  her  by  adding  1  foot  per  1000  feet  of  altitude  to 
the  basic  100  feet  at  constant  weight  and  decrease  10  feet  equally 
spaced  over  the  operating  weight  range  for  constant  altitude. 

10.  Knowing  all  key  points,  repeat  as  in  Step  5.  and  obtain  a 
family  of  H-V  diagrams  over  the  desired  weight  and  altitude  range. 

11.  Spot  check  the  diagrams  with  average  pilot  technique  at 
critical  c.g. 

12.  Establish  a  procedure  for  utilizing  the  diagrams  thus 
developed  that  is  appropriate  to  the  particular  helicopter  in  accord* 
ance  with  its  operating  weight  range  and  its  hovering  performance 
capabilities. 


CONCLUSIONS 


Based  upon  sn  snslysla  of  the  date  obtained  In  this  prograe  and 
an  analytical  study  of  the  results  in  tarns  of  basic  helicopter 
paraaeters,  it  can  be  concluded  that 

1.  A  practical  aethod  has  been  evolved  for  deteminlnc  v 
fanily  of  flight  aanual  type  H-V  diagrams  for  any  single  engine, 
single  rotor  helicopter  over  a  range  of  eelghts  frcn  naxinua  to 
nininia  operating,  and  altitudes  frca  sea  level  to  8000  feet,  by 
utilising  a  single  naxinun-perfomance  test  point  deteralnatlon  of  V^r* 

8.  The  H-V  diagrams  of  any  single  rotor  helicopter  fora 
a  faaily  of  curves  which  are  defined  by  a  set  of  linear  equations 
Involving  the  key  points  of  the  H-V  diagraa,  ^cr*  *‘cr»  ^max' 

which  vary  as  follows: 

a.  The  variation  of  V^^  with  a  change  in  weight  is  a 
function  of  disk  loading  and  gross  weight. 

b.  The  variation  of  Vcr  with  a  change  in  altitude  can 
be  accepted  for  practical  purposes  as  varying  2.5  nph  per  1000  feet 
change  of  density  altitude. 

c.  The  critical  height  (her)  approximately  100  feet 
at  sea  level  and  maximum  gross  weight  increasing  1  foot  per  1000  feet 
of  density  altitude  and  decreasing  10  feet  over  the  weight  range  from 
maximum  weight  to  minimum  operating  weight. 

d.  The  high  hover  height  (huin)  varies  linearly  as 
the  square  of  the  critical  speed  and  can  bo  expressed  in  equation 

form  as  - 

h,4„  «  200  ♦  .1336  V*cr 
where  V^,  is  in  nph 

“min 

e.  The  low  hover  height  (haax)  approximately  10  feet 
at  sea  level  and  aaximus!  gross  weight  decreasing  1  foot  per  1000  feet 
oi'  density  altitude  and  Increasing  5  feet  over  the  operatlnr  weight 
range  from  maximum  weight  to  minimum  operating  weight. 

3.  Height-velocity  diagrams  can  be  generalised  in 
nondimensional  terms. 
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RECOmtENDATlON.s 


Based  upon  the  results  uf  this  summary  analysis,  it  is 
recommended 

1.  In  the  Interest  of  standardization,  reduction  of  flight  test 
risks  through  better  predictions,  and  a  reduction  of  testing  at  several 
altitudes,  that  consideration  be  given  to  using  procedures  and 
criteria  of  this  report  as  guidance  material  in  developing  flight  manual 
type  H-V  diagrams  required  in  the  fulfillment  of  the  airworthiness 
standards  for  normal  category  rotorcraft  (FAR  27,79). 

2.  Further  study  and  flight  testing  be  initiated  to  determine 
the  relationship  of  V^j.  with  the  basic  helicopter  parameters  which 
may  provide  a  means  of  H-V  diagram  determination  without  the 
requirement  for  any  flight  testing. 
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APPENDIX  1 
GLOSSARY  OF  TERHS 


or  TRftMi 


^  ■ra|thl('«l  |tr»««ntai Iam  «4hUlt  rfArlnM  «n  *f(v«lor*  af 

fll|M  Mtih  lit  Mil  h»lRhl  aImv*  th* 

irnund,  wUhtn  whteh,  in  th»  avahI  oI  pinwAi'  lalturA, 

•  ■■!•  fHiwAr-Aff  landlnii  citulii  not  b#  ottviMpl Ithod, 

IlUL  £***1L*'  rolnin  on  th»  M-V  dlairM  whti'h  doMn* 

”  “““  th»  ■!■•  of  tha  dtagraa.  Tbay  nr#  IU|„i 

V^r*  *'  bolow. 

Prpor  jpundaryt  Tha  eurva  daaartbtni  that  |i>orilon  uf  iha  H-V  dtafraa 
b*lw*an  tha  hl|h  hovar  yolnt  a«‘^  fba  point  for 

rrltical  apaad  ^cr^* 

lowr  t  ''v**yy*  curva  daacrIblnR  that  portion  of  tha  H-V  dlagraai 

batwoan  tha  low  hovar  point  (hBaa^  point  for 

crltUal  apaad  (V„,  h^^). 

*‘Knaa**  A  collogolal  tarwi  that  ta  aynonyoKiua  with  that  ourvad 

portion  of  tha  H-V  diograa  In  cloaa  proalmlty  of  tha 
point  for  critical  apaad  (V,;^,  ^cr)> 

Convantlonal 
ifnila  y^ut 

ffaucoptari  A  hallcoptar  which  aaiploya  a  gaar  and/or  halt  ayatan 
for  trananlttlni  powar  to  tha  aain  rotor «  and  doaa 
not  utlllia  naln  rotor  tip  drlva  of  any  hind, 

V.fi  Critical  Valo<  tty,  Tha  apaad  abova  which  an 

autorotatlva  landing  can  ba  aada  froai  any  hatght  aftar 
powar  fallura  In  tha  low  apaad  ragtwa,  nph,  CAS, 

h^|,i  Tha  hatght  abova  tha  ground  at  which  occura,  ft, 

hnln<  Tha  high  hovav  hatght  -  tha  height  abova  tlia  ground 

■■  froai  abova  which  a  aafa  autorotatlva  landing  can  ba 

•ada  aftar  powar  fallura  at  aaro  alrapaad,  ft, 

h,,^,;  Thv  low  hovar  hatght  •  tha  height  abova  tha  ground 

-  from  brlow  which  a  aala  powar  off  landing  can  ba 

•ada  aftar  powar  fallura  at  aaro  alrapaad,  ft, 

Hp:  Danalty  altltuda  at  tha  point  of  landing,  ft. 

hi  Haight  of  tha  hallcoptar  above  tha  ground,  it. 

Wt  Hallroptar  weight,  lb. 
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GLOSSARY  or  TKIUCI  COMTINUID 


Callbr«t«fi  atriitcttd  >  tndtoa(«<i  alraitaad  corrrctad  for 
Inatruatnt  and  pnaltlon  arror,  aph. 

Tha  alopa  of  tha  Unaar  ralatlonahip  of  tha  chan|t  In 
arttlaal  apaad  with  chanta  In  walthc  ■ 


Tha  alopa  of  tha  Unaar  ralatlonahip  of  tha  chanta  of 
tha  high  hovar  halght  (h^ip)  with  changa  In  tha  aquara 
of  tha  erltloal  apaad  •  d  hMU  • 


Iqulvalant  flat  plata  araa  •  ft^. 

Mato  rotor  araa  -  ft^. 

Inartla  of  tha  dynanlc  ayata*  •  alug  ft^. 

Any  arbitrarily  aalactad  valoclty  batwaan  aaro  and  tha 
valua  of  tha  critical  velocity  (V(.r)  (uaad  with  Rig,  H  only) 

Tha  height  above  the  ground  on  the  H<»V  dlagran  lower 
^uadarv  that  eorraapondc  with  tha  valua  of  V,,  (uaad  with 
Fig.  3  only) 

Tha  height  above  the  ground  on  tha  H»V  dlagran  upper 
boundary  chat  corraaponda  with  tha  valua  of  V,^  (uaad  with 
Fig.  3  only) 


